Glial fibrillary acidic protein (GFAP) is the major intermediate filament of mature astrocytes in the mammalian CNS. Dominant gain of function mutations in GFAP lead to the fatal neurodegenerative disorder, Alexander disease (AxD), which is characterized by cytoplasmic protein aggregates known as Rosenthal fibers along with variable degrees of leukodystrophy and intellectual disability. The mechanisms by which mutant GFAP leads to these pleiotropic effects are unknown. In addition to astrocytes, GFAP is also expressed in other cell types, particularly neural stem cells that form the reservoir supporting adult neurogenesis in the hippocampal dentate gyrus and subventricular zone of the lateral ventricles. Here, we show that mouse models of AxD exhibit significant pathology in GFAP-positive radial glia-like cells in the dentate gyrus, and suffer from deficits in adult neurogenesis. In addition, they display impairments in contextual learning and spatial memory. This is the first demonstration of cognitive phenotypes in a model of primary astrocyte disease.
Introduction
Alexander disease (AxD) is a progressive and generally fatal disorder of the CNS, with a range of clinical phenotypes including cognitive and motor impairments, along with white matter deficits especially prominent in the frontal lobes . The most current classification system divides patients into two categories, with type I consisting of those with frontal predominance and early onset, and type II presenting with lesions concentrated in the hindbrain and cervical spinal cord, less pronounced leukodystrophy and cognitive deficits, and varied age of onset (Prust et al., 2011) . The hallmark pathological feature in both groups is the presence of Rosenthal fibers, cytoplasmic protein aggregates of astrocytes, particularly in perivascular, subpial, and subependymal locations (Alexander, 1949; Iwaki et al., 1993) . Nearly all cases of AxD result from heterozygous missense mutations in the astrocyte intermediate filament, GFAP (Brenner et al., 2001; . Since this discovery, AxD has become a model system in which to explore the consequences of primary astrocyte dysfunction on other cells in the CNS.
To better understand how GFAP mutations cause disease, we have engineered mouse models with knockin mutations causing single amino acid changes orthologous to common human mutations at the endogenous Gfap locus (Hagemann et al., 2006) . These models replicate some but not all of the pathology found in the human disease. AxD mice spontaneously increase expression of Gfap above normal levels, form the characteristic Rosenthal fibers within the cytoplasm of astrocytes, induce stress responses including Nrf2/ARE and small heat shock protein pathways, and activate microglia (Hagemann et al., 2012) . However, myelination appears normal (Hagemann et al., 2006) . Hence, these models offer a unique opportunity to test whether cognitive phenotypes resulting from astrocyte disease can occur in the absence of leukodystrophy.
To date, little attention has been given to the possibility that GFAP mutations associated with AxD impact neuronal development. Mature astrocytes regulate neurogenesis in the adult hippocampus (Song et al., 2002) , and integration of new neurons in the dentate gyrus has a functional role in contextual learning, spatial memory, and pattern separation (Deng et al., 2010; Aimone et al., 2011; Sahay et al., 2011) . Hippocampal astrocytes in mouse models of AxD are reactive, and chronic gliosis in other models of neurodegenerative disease contributes to the release of proinflammatory cytokines (Glass et al., 2010) that are known to disrupt adult neurogenesis (Kohman and Rhodes, 2013) . However, GFAP is also expressed in radial glia-like stem cells of the dentate gyrus (Seri et al., 2001; Garcia et al., 2004) , and it is conceivable that mutant GFAP exerts cell-autonomous effects in cells other than mature astrocytes.
In this study, we show that AxD mice perform poorly in fear conditioning and Morris water maze and are deficient in generating new neurons in the adult hippocampus. Neural stem cells that are normally quiescent appear to be mitotically activated, but proliferating progenitors are diminished in number and immature neurons are virtually absent. This is the first report to show cognitive deficits and disruption of adult neurogenesis in a model of human primary astrocyte disease.
Materials and Methods
Mice. All animals were used in accordance with standards set by the Animal Care and Use Committee for the Graduate School at the University of Wisconsin, Madison. Gfap ϩ/R236H mice (Hagemann et al., 2006) were maintained as heterozygotes in a 129S6 genetic background, unless otherwise noted.
EdU labeling. To assess proliferation and differentiation of hippocampal progenitors in Gfap ϩ/R236H mice, adult males (10 weeks of age) were injected intraperitoneally at 4 h intervals over a 12 h period (4 injections total) (Hayes and Nowakowski, 2002; Guo et al., 2011) with 50 mg/kg thymidine analog EdU (10 mg/ml PBS). Mice were collected at either 24 h or 28 d following the first injection to analyze proliferation and differentiation respectively. In both experiments, mice were anesthetized with 400 mg/kg avertin and transcardially perfused with PBS followed by 4% paraformaldehyde. Brains were removed, postfixed for 10 -16 h, and cryoprotected in sucrose before sectioning with a sliding microtome.
Forty micrometer coronal sections were collected through the rostrocaudal extent of the dentate gyrus (Ϫ0.9 to Ϫ4.0 bregma), and every sixth section was analyzed. Tissues were permeabilized with 0.5% Triton X-100 in PBS with 3% BSA for 30 min and incorporation of EdU by cycling cells detected with an Alexa Fluor 488 Click-iT EdU Imaging Kit according to the manufacturer's protocol (Invitrogen C10337). Subsequent immunofluorescent staining was performed as described below.
Histology and immunofluorescence. For EdU colabeling, tissue sections were blocked with 5% normal donkey serum before incubation with primary antibodies diluted in PBS with 1% BSA and 0.5% Triton X-100: rabbit anti-Ki67 (1:500, Leica NCL-Ki67p), mouse anti-NeuN (1:500, Millipore MAB377), rabbit anti-S100␤ (1:1000, Sigma HPAD15768), mouse anti-GFAP [1:1000, NeuroMab clone N206/8, University of California, Davis (UC Davis), Davis, CA], and rabbit anti-Iba1 (1:500, Wako 019 -19741). Sections were incubated with primary antibodies at 4°C for 48 h and rinsed in PBS with 0.1% Triton X-100. Secondary antibodies Alexa Fluor 546 donkey anti-rabbit and anti-mouse IgG, and Cy5 goat anti-mouse (Invitrogen) were diluted 1:500 and incubated overnight at 4°C. Sections were rinsed with 0.1% Triton X-100 and mounted with ProLong Gold with DAPI (Invitrogen).
For other immunofluorescence, 30 m sagittal sections were blocked and permeabilized in PBS with 5% normal donkey serum with 0.3% Triton X-100. Primary antibodies were diluted in 1% BSA with 0.3% Triton X-100: goat anti-Doublecortin (1:500, Dcx, Santa Cruz Biotechnology 8066), mouse anti-GFAP (1:1000, NeuroMab clone N206/8, UC Davis, CA), rabbit anti-Ki67 (1:500, Leica NCL-Ki67p), and goat antiSox2 (1:500, Santa Cruz Biotechnology17320) and incubated overnight at 4°C. Secondary antibodies were diluted 1:500 and incubated at room temperature for 2 h (Alexa Fluor 488 and 546 donkey anti-mouse, rabbit or goat). Tissues were rinsed with PBS between incubations and mounted with ProLong Gold with DAPI. Sections were imaged with a Nikon C1 confocal microscope. GFAP immunohistochemistry with eosin counterstaining was described previously (Hagemann et al., 2006) .
Stereology. For proliferation assays, EdU-positive cells in the subgranular zone of the dentate gyrus were counted from the left side of every sixth section (40 m) and scored as Ki67 positive or negative. With the limited number of positive cells, all were counted except positive cells in the uppermost focal plane to avoid oversampling (Kempermann et al., 1997) . Numbers were multiplied by 12 to account for sampling only one side and the section interval.
To assess differentiation at 28 d, tissues were labeled for EdU, NeuN, and S100␤. EdU-positive cells throughout the granular layer were counted from both sides of every sixth section and identified as neurons, astrocytes, or unknown by confocal microscopy. Numbers were multiplied by 6 to account for section sampling.
Behavior. Fear conditioning was performed in test cages from Coulbourn Instruments where 2 min after animals were placed in the cages, an 87 dB white noise cue (conditional stimulus) was given for 30 s. During the last 1.5 s, a 0.7 mA shock was delivered from the floor of the cage. After another 2 min, the mice were again exposed to the 30 s white noise paired with a 0.7 mA shock during the last 1.5 s. After 60 s the mice were removed from the test cage and returned to their home cage.
For context testing, mice were returned to the test cage 22 h later for 5 min while being imaged from above and analyzed with FreezeFrame2 software (Actimetrics). Mice were returned to their home cage for 2 h before being tested for cue conditioning. The test cages were altered with a white Plexiglas floor and gray covers for the walls. Vanilla extract was added below the floor to alter the scent. Cages were cleaned with isopropyl alcohol rather than ethanol (used during training and context testing) between mice. Mice were reintroduced to the altered context for 3 min before delivering the conditional cue: 87 dB white noise for the remaining 3 min. Again, FreezeFrame2 software was used for image analysis to measure freezing and also to control onset and duration of stimuli during training and testing. Images were captured at a rate of 4 per second and the motion index threshold was set at 1. A motion index Ͻ1 for 1 s (4 consecutive images) was considered freezing.
The Morris water maze was set in a 1.3-m-wide pool in water made opaque with white Crayola nontoxic paint. Visual stimuli of different colors and shapes were positioned around the room for spatial cues. The pool was virtually divided into four quadrants with EthoVision XT video tracking software (Noldus). A 10 cm platform was positioned 1 cm below the surface of the water in the trained quadrant. After an initial introduction to the platform and pool, mice were run through eight blocks of four training trials (two blocks per day). For each block mice were placed at the edge of the pool between each of the four quadrants (in random order) and allowed 60 s to find the platform. If they did not escape by the end of 60 s, mice were ushered to the platform before removal from the pool.
After the eighth training block, the platform was removed from the trained quadrant for the probe trial. Mice were placed at the edge of the pool between the quadrants opposite and to the right of the trained quadrant. Tracking software scored the number of times mice crossed virtual platforms positioned in each of the four quadrants during the 60 s probe trial as a measure of learning the maze.
Statistics. For stereology, t tests were used to compare counts between genotypes. For fear conditioning results are shown as percentage freezing. For context this is the percentage time over the 5 min test. For cue conditioning, the percentage freezing during the first 3 min before the cue is initiated is subtracted from the percentage freezing during the cue as a baseline control. A one-tailed t test was used to compare freezing to context or cue between mice of the same gender to analyze effects of genotype (we hypothesized a priori that there would be impaired performance in the mutant mice and thus the difference would only be in one direction). Comparison of platform crossings during the probe trial of the Morris water maze were analyzed by repeated-measures ANOVA to detect a difference among quadrants, followed by Tukey's posttests to show a preference for the trained quadrant. Platform crossings in the trained quadrant were also compared by t test between genotypes.
Results

Gliosis and Rosenthal fibers in radial glia-like cells and lack of immature neurons in the dentate gyrus of Gfap
؉/R236H mice In Gfap ϩ/R236H mouse models of AxD, astrocytes in regions of adult neurogenesis, including those in the hippocampal dentate gyrus, have elevated GFAP and Rosenthal fibers (Hagemann et al., 2006) . Reactive astrocytes are found throughout the hippocampus, and in the subgranular zone (SGZ) of the dentate gyrus, GFAP-positive cells with radial glia-like (RGL) morphology have thickened processes and a hypertrophic appearance (Fig. 1A ). These cells show increased GFAP immunostaining and demonstrate Rosenthal fibers that appear as eosinophilic inclusions in the processes that extend through the granular layer (Fig.  1A , inset). The appearance of reactive glia in the dentate gyrus and more specifically in the SGZ suggests that both the hippocampal niche and the neural stem cell (NSC) population itself may be altered in Gfap ϩ/R236H mice.
To determine whether mutant GFAP and the resulting pathology disrupt hippocampal neurogenesis, we analyzed immature neurons expressing doublecortin (Dcx) in the granular layer of the dentate gyrus in adult Gfap ϩ/R236H mice compared with their wild-type littermates in three different genetic backgrounds: 129S6, FVB/N, and C57BL/6J. We found almost no Dcx ϩ neurons in the dentate gyrus of Gfap ϩ/R236H mice at 8 weeks of age in both 129S6 and FVB/N strains (Fig. 1B , FVB/N shown). This difference was not as pronounced in C57BL/6J until 3 months of age when the density of immature neurons appears reduced in this strain as well (Fig. 1B) . Dcx ϩ neurons are also reduced in olfactory bulb glomeruli in Gfap ϩ/R236H mice, suggesting deficits in SVZ neurogenesis (Fig. 1C ). For this report we focus on the effects of mutant GFAP and gliosis on the hippocampal niche, the resulting deficits in adult neurogenesis and functional outcomes in the 129S6 genetic background.
Reduced hippocampal progenitor proliferation in
Gfap
؉/R236H SGZ Since doublecortin-positive immature neurons were mostly absent from Gfap ϩ/R236H hippocampus, we sought to determine whether proliferating precursor cells were present in the mutant dentate gyrus. To identify dividing cells, adult mice were injected with the thymidine analog EdU using a saturating protocol to label all cells entering S phase (Guo et al., 2011) ( Fig. 2A) . After 24 h, nuclear EdU incorporation showed a reduced number of proliferating cells in the SGZ of Gfap ϩ/R236H mice at 10 weeks of age (Fig. 2 B, G) . In wild-type Gfap ϩ/ϩ mice, EdU ϩ progenitors were apparent as clusters of 2-8 cells throughout the rostrocaudal extent of the dentate gyrus ( Fig. 2C ), whereas Gfap
progenitors were usually by themselves or occasionally in pairs and reduced in number by 65% compared with wild type (Fig. 2D ,E,G). These cells often had larger nuclei with atypical morphology compared with those in wild-type animals, and did not appear to be intermediate progenitor cells (IPCs; Fig. 2 
compare D,C).
To determine whether cells were leaving the cell cycle prematurely and potentially explain the reduced number of proliferating progenitors in Gfap mutant mice compared with wild-type, we colabeled for Ki67 to identify cells that were still cycling after the initial EdU label. Of cells that were EdU ϩ in Gfap ϩ/ϩ mice, only 6.7% (Ϯ 0.7 SD) had left the cell cycle as demonstrated by lack of staining for Ki67 (Fig. 2H ) . In Gfap ϩ/R236H mice the proportion of Ki67-negative cells was not significantly increased ( Fig. 2 E, H ϩ/R236H dentate gyrus. A, Immunohistochemical staining for GFAP (black, eosin counter stain) in the granular layer of the dentate gyrus shows intense hypertrophied radial glia-like cells in R236H mutants compared with wild-type mice, which in some cases have eosinophilic inclusion bodies that appear as Rosenthal fibers (bottom row, increased magnification, blue arrows, see inset; n ϭ 4 per genotype, 3 months of age; scale bar, 25 m; mol, dentate gyrus molecular layer; gr, granular layer; hil, hilus). B, Doublecortin (Dcx) 4 immunofluorescent staining of immature neurons (green) in the dentate gyrus shows almost no staining in GFAP mutant mice compared with wild-type in the FVB/N background and reduced staining in C57BL/6J (n ϭ 3 per genotype, FVB/N ϭ 8 weeks, C57BL/6J ϭ 12 weeks of age; scale bar, 50 m). C, Dcx immunofluorescent staining (green) in olfactory bulb glomerular layer also shows a reduction of immature neurons in Gfap ϩ/R236H mice with an increase in GFAP expression (red, top only). n ϭ 4 per group, 129S6 at 12 weeks; scale bar, 50 m.
plifying progenitors, we colabeled for the NSC markers Sox2 and GFAP. Nearly all Ki67 ϩ cells were positive for Sox2 and GFAP in the SGZ of mutant mice (Fig.  2I ). Similar Ki67 ϩ /Sox2 ϩ /GFAP ϩ cells were present but rare in Gfap ϩ/ϩ mice. In addition, there were EdU ϩ cells in Gfap ϩ/R236H mice outside of the SGZ in the granular and molecular layer of the dentate gyrus, and throughout the hippocampus that were not present in Gfap ϩ/ϩ mice (Fig. 2B) . Many of these cells also stained for GFAP and are reactive astrocytes, some are microglia as indicated by Iba1 immunostaining (Fig. 2J ) , and some may be NG2 cells. These were not included in progenitor cell counts. Overall, these data show a marked reduction in the number of dividing cells in the SGZ, which would explain the lack of Dcx ϩ -immature neurons in Gfap
mice. Abnormal cycling of the NSC population may also contribute to this deficit.
Abnormal neural progenitor differentiation in Gfap
؉/R236H dentate gyrus Although Gfap mutant mice show reduced or abnormal progenitor proliferation within the SGZ, EdU ϩ cells are still present. To determine the fate of these cells, we evaluated their phenotype at 4 weeks postlabeling (EdU incorporation, Fig. 3A) . In Gfap ϩ/ϩ mice, 52% of EdU ϩ cells were also positive for NeuN, 21% were S100␤ ϩ , showing normal production of new neurons and astrocytes, respectively, while the phenotype for the remaining EdU ϩ cells (26%) was undetermined ( Fig. 3B-D,G) . In Gfap ϩ/R236H mice, there was a striking increase (2.5-fold) in the overall number of EdU labelretaining cells in the granular layer compared with wild-type mice (Fig. 3H ) ; however, the majority of these cells (79%) were neither NeuN nor S100␤ positive and were not identified (Fig. 3 F, G) mice (Fig. 3H ) , representing only 6% of total EdU labeled cells in mutant mice (Fig. 3G) . However, EdU ϩ /S100␤ ϩ astrocyte numbers were increased by nearly twofold in Gfap ϩ/R236H mice ( Fig.  3 E, H ) .
The general increase in label-retaining cells in Gfap
compared with Gfap ϩ/ϩ mice after 1 month suggests that progenitors are not dividing at a normal rate (Fig. 3H ) . Since repeated division of intermediate progenitors dilutes EdU labeling, cells remaining positive at this time point are those that left the cell cycle shortly after the initial label (with no more than a few divisions) and survived to fully differentiate, or alternatively they are more slowly dividing cells. In Gfap
mice, most of the EdU ϩ /NeuN Ϫ /S100␤ Ϫ cells 4 weeks postlabeling remain in the SGZ, suggesting they are not reactive glia that happen to be in the granular layer. Occasionally, EdU ϩ microglia are apparent in the granular layer (Fig. 2J ) , but are sparse and should not account for the total increase. To test whether these unidentified cells may be activated NSCs, as implied by the presence of Ki67 ϩ /Sox2 ϩ /GFAP ϩ cells shown earlier (Fig. 2I ) , we colabeled for S100␤ and GFAP. In Gfap ϩ/R236H mice, many of the EdU-labeled cells in the SGZ were S100␤ negative and positive for GFAP (Fig. 3I ) , and while mature EdU ϩ /S100␤ ϩ /GFAP ϩ astrocytes were apparent in the granular layer, they were generally not in the SGZ. Although the identity of these cells as activated NSCs remains to be confirmed, the results show that mutant GFAP causes a marked deficit in the generation of new neurons and a possible shift toward gliogenesis. Learning and memory deficits in Gfap ؉/R236H mice To determine whether deficits in hippocampal neurogenesis have a functional impact on Gfap ϩ/R236H mice, we tested both classical associative learning by fear conditioning and spatial learning and memory with the Morris water maze (Morris et al., 1982; Sutherland et al., 1982; Kim and Fanselow, 1992; Phillips and LeDoux, 1992; Logue et al., 1997; Saxe et al., 2006; Dupret et al., 2008; Imayoshi et al., 2008; Clelland et al., 2009; Deng et al., 2009 ). For fear conditioning, male and female mice between 9 and 10 weeks of age were conditioned with two trials of a cue stimulus paired with a brief shock (unconditioned stimulus, see Materials and Methods) . The mice were then tested for a fear response (freezing) to the context or conditioned cue. Female Gfap ϩ/R236H mice froze less often in response to context, but showed no difference from Gfap ϩ/ϩ mice in response to the cue stimulus (Fig. 4A) . Male mice at this age showed no effect of genotype to either the context or the cue stimulus. However, at one year of age both female and male mutant mice showed a decrease in contextual fear conditioning and male mice froze less often when presented with the cue stimulus (Fig. 4B) .
To further evaluate hippocampal function, mice were tested in the Morris water maze at 10 weeks of age. After eight training blocks (two per day, see Materials and Methods), preference for the trained quadrant was assessed by platform crossings during the probe trial. This measure estimates how well the platform location has been encoded and is a better representation of spatial memory and hippocampal function related to neurogenesis compared with other measures such as latency and path length (Garthe and Kempermann, 2013) . Gfap ϩ/ϩ mice showed a clear preference for the trained quadrant, while both male and female Gfap ϩ/R236H mice failed to show quadrant preference, and female mutant mice showed a significantly reduced number of trained platform crossings compared with wild-type females (Fig. 4C) .
With the observed deficits in both immature and newborn neurons, the poor performance by Gfap mutant mice in hippocampal-dependent tasks of learning and memory correlates well with the reported association between adult neurogenesis and hippocampal function Dupret et al., 2008; Imayoshi et al., 2008; Clelland et al., 2009; Deng et al., 2009 ).
Discussion
The Gfap ϩ/R236H mouse model of Alexander disease has extensive hippocampal pathology including protein aggregation, stress pathway activation, and reactive astrocytes and microglia (Hagemann et al., 2006 (Hagemann et al., , 2012 . Here, we show that AxD mice also have deficits in hippocampal neurogenesis and perform poorly in tasks of learning and memory. Neural stem cells have elevated GFAP and appear to be in cell cycle arrest, progenitor proliferation is reduced, and immature neurons are diminished. Consequently, AxD mice show a lack in adult born granule cells in the dentate gyrus, while gliogenesis and new astrocytes appear to be increased. Finally, behavior tests also suggest deficits in spatial memory and hippocampal function. This is the first demonstration of neurogenic and cognitive deficits resulting from a primary disorder of astrocytes.
To better understand the effects of AxD pathology on neurogenesis, we evaluated progenitor proliferation and differentiation by labeling dividing cells with the thymidine analog EdU. The number of proliferating cells in the SGZ was reduced by 65% in Gfap ϩ/R236H mice. The EdU-positive cells that are present are not found in clusters of recently divided progenitors as observed in Gfap ϩ/ϩ mice, but rather as single cells or doublets, suggesting a slower replication cycle. Colabeling with Ki67 did not show an increase in progenitors exiting cell cycle (EdU ϩ /Ki67 Ϫ ), however, there was a striking number of EdU Ϫ /Ki67 ϩ cells in Gfap ϩ/R236H mice that were not apparent in Gfap ϩ/ϩ animals. Although NSCs cycle less frequently, their cycle length is slightly shorter than that of proliferating IPCs (Brandt et al., 2012) . Since Ki67 labels all stages of cell cycle, these results indicate a population of cells in either a prolonged or arrested cycle. Given that there are similar numbers of EdU ϩ /Ki67 ϩ and EdU Ϫ /Ki67 ϩ -labeled cells, this block may not be complete. Further analysis shows numerous Ki67 ϩ /GFAP ϩ /Sox2 ϩ cells in the SGZ of mutants that are not prevalent in wild-type mice, suggesting these are abnormally activated NSCs. In a more severe model of AxD, Sosunov et al. (2013) found multinuclear hippocampal astrocytes and other nuclear abnormalities, indicating astrocytes are entering cell cycle but unable to divide. Our results suggest that mutant Gfap ϩ/R236H mice shows a decrease in freezing in response to context in female mice at 10 weeks of age (A) and in both males and females at 13 months of age (B). At the later age, male AxD mice also show a significant decrease in conditioning to the cue (*p Յ 0.05, **p Յ 0.01, one tailed t test, n Ն 10 per group). C, Performance in the Morris water maze is also affected, with both male and female mice (10 weeks) showing a lack of preference for the trained quadrant as indicated by the number of platform crossings. During the probe trial Gfap ϩ/ϩ male and female mice crossed the platform region significantly more often in the trained quadrant than in any of the other quadrants. Female Gfap ϩ/R236H mice showed no preference for the trained quadrant, and had significantly fewer trained platform crossings compared with Gfap ϩ/ϩ mice. Male mutants showed a difference between the trained and opposite quadrant, but there was not a significant preference compared with the other two quadrants. p values derived from repeated-measures ANOVA with *Tukey's posttest to show significant difference with trained quadrant.
† p Ͻ 0.05 Gfap ϩ/ϩ vs Gfap ϩ/R236H in trained quadrant (t test, n Ն 11 per group).
GFAP may cause inefficient or defective cell division in NSCs as well (Yasui et al., 1998) . In contrast to the reduced number of proliferating cells 24 h postlabel, cell fate analysis after 4 weeks shows more than twice as many EdU ϩ cells in mutant mice, the majority of which have not differentiated. The overall number of newborn neurons (EdU ϩ / NeuN ϩ ) is markedly reduced in Gfap mutant mice, which correlates with the depletion of immature neurons, but newborn astrocytes (EdU ϩ /S100␤ ϩ ) are increased by nearly twofold in the granular cell layer, showing that gliogenesis may be promoted. A shift toward glial fate could contribute to the deficit in neurogenesis; however, it is worth noting that EdU-labeled astrocytes are also evident in the hilus, molecular layer, and other regions of the hippocampus and CNS. These astrocytes are apparent at both 24 h and 4 weeks postlabeling, suggesting they did not migrate from the dentate gyrus, but are dividing because they are reactive (Buffo et al., 2008) . This raises the question of whether the labeled astrocytes in the granular layer of the dentate gyrus originate from adult stem cells or are mature reactive astrocytes, and whether they are increased in number.
An increase in the proportion of EdU ϩ /NeuN Ϫ /S100␤ Ϫ cells has been described before with the disruption of neurogenesis (Vallières et al., 2002; Kandasamy et al., 2010) , but the fact that these undifferentiated cells outnumber the total number of EdUretaining cells found in wild-type mice by twofold at this time point (4 weeks postlabel) is unusual in that fewer cells were labeled at 24 h compared with wild type. Since we have shown that in Gfap ϩ /R236H mice, Ki67 labels GFAP ϩ /Sox2 ϩ cells that appear to be NSCs, we speculate that EdU ϩ /NeuN Ϫ /S100␤ Ϫ cells in the SGZ may also be GFAP ϩ stem cells. Infrequently or abnormally dividing NSCs would retain the EdU label, and additional analysis shows the presence of EdU ϩ /GFAP ϩ /S100␤ Ϫ cells in the SGZ in Gfap ϩ/R236H mice 4 weeks postlabel. Further investigation will determine the proportion of EdU ϩ /NeuN Ϫ /S100␤ Ϫ cells that are positive for GFAP, whether these are radial NSCs, and whether this population is expanding or in cell cycle arrest.
Mature hippocampal astrocytes regulate neuronal fate specification in adult neurogenesis (Song et al., 2002; Barkho et al., 2006; Ashton et al., 2012; Wilhelmsson et al., 2012) . In acute brain injury such as stroke, seizure, or trauma, neurogenesis generally increases; however, in transgenic models of neurodegenerative disease such as Alzheimer's, Huntington's, and Parkinson's with chronic reactive gliosis, the consequences are eventually negative with a decrease in adult-born granule cells and concomitant deficits in learning and memory (Zhao et al., 2008; Winner et al., 2011) . It is well established that prolonged neuroinflammation generates a nonpermissive microenvironment for adult neurogenesis (Monje et al., 2003; Kohman and Rhodes, 2013) , and astrocyte-specific overexpression of IL-␤ or IL-6 in transgenic mice activates microglia and has a similar effect in reducing progenitor proliferation and neurogenesis (Vallières et al., 2002; Wu et al., 2012) . Gliosis is prominent in AxD, and Gfap ϩ/R236H mice have elevated transcripts for IL-1␤, IL-6, and TNF␣ in hippocampus (our unpublished data), each of which can independently inhibit neurogenesis (Vallières et al., 2002; Monje et al., 2003; Iosif et al., 2006; Koo and Duman, 2008; Keohane et al., 2010; Green et al., 2012; Wu et al., 2012; Kohman and Rhodes, 2013) .
In addition to reactive gliosis, another common denominator between AxD and other neurodegenerative proteinopathies is that the mutant proteins in familial cases, including amyloid precursor protein (APP), presenilin, tau, ␣-synuclein, and huntingtin, are expressed in adult neural progenitor cells (Winner et al., 2011) , and loss of function could also contribute to deficits in neurogenesis. However, knock-out of the culprit genes, including Gfap, often results in a different neurogenic phenotype or even enhanced neurogenesis (Larsson et al., 2004; Winner et al., 2012; Conforti et al., 2013) . Gain of function in the form of toxic oligomers, protein aggregation, and the disruption of the ubiquitinproteasome system may be a more likely mechanism underlying neurogenic deficits, especially since the major signaling pathways controlling neurogenesis, including Notch, Wnt/␤-catenin, Hedgehog/Gli, and TGF␤/Smad, are all regulated by ubiquitintargeted degradation (Inoue and Imamura, 2008; Tauriello and Maurice, 2010; Weinmaster and Fischer, 2011; Gulino et al., 2012; Moretti and Brou, 2013) . Notch signaling, for example, has been implicated in driving NSC renewal and gliogenesis (Pierfelice et al., 2011) . The activated Notch intracellular domain (NICD) is targeted for proteasome degradation by the Fbw7/ SCF-E3 ubiquitin ligase (Wu et al., 2001) . Deletion of Fbw7 causes NSC accumulation and increased astrogenesis while inhibiting neurogenesis in early development (Hoeck et al., 2010; Matsumoto et al., 2011) . Adult NSCs express Notch1, and overexpression of activated Notch1 in GFAP-expressing cells causes increased cell cycle entry and NSC renewal at the expense of neurogenesis (Breunig et al., 2007) . Hence, disruption of NICD degradation due to proteasome dysfunction in the NSC population could explain the increased numbers of Ki67
ϩ SGZ cells observed in AxD mice. Several studies using different approaches to deplete adult born dentate granule cells have shown that neurogenesis is associated with hippocampal-dependent learning Dupret et al., 2008; Imayoshi et al., 2008; Clelland et al., 2009; Deng et al., 2009 ). Here, we show that in addition to having deficits in hippocampal neurogenesis, Gfap ϩ/R236H mice perform poorly in hippocampal-dependent behavioral tests, including contextual fear conditioning and Morris water maze. In fear conditioning, association between the unconditioned shock and conditioned cue is amygdala dependent, whereas relating the shock to context requires both amygdala and hippocampus (Phillips and LeDoux, 1992) . Young adult female AxD mice are deficient in contextual fear conditioning, but show no difference in conditioning to the cue, indicating abnormal hippocampal function. In aged mice males and females show deficits in contextual conditioning, with male mice also showing decreased response to the cue stimulus, suggesting learning deficits in males may involve the amygdala. Why there would be a gender difference in fear conditioning is not clear. Early reports suggested the possibility of male predominance in AxD, particularly in juvenile patients (Li et al., 2005) , but subsequent studies with larger patient populations show no gender bias, regardless of age group or classification (Prust et al., 2011) . Both male and female Gfap ϩ/R236H mice perform poorly in the Morris water maze at an early age, further demonstrating a deficit in hippocampal function (Morris et al., 1982; Sutherland et al., 1982; Kim and Fanselow, 1992; Phillips and LeDoux, 1992; Logue et al., 1997) . Although there is controversy regarding the relevance of adult neurogenesis to water maze performance, by measuring platform crossings we show that AxD mice are unable to encode the goal position, a deficit specific to spatial memory and efficient pattern separation, hippocampal functions that likely depend on new neurons (Garthe and Kempermann, 2013) .
Recently in a similar transgenic model of AxD (Tanaka et al., 2007) , Lee et al. (2013) show that increased ATP release leads to suppression of GABAergic signaling and a reduced threshold for long-term potentiation. Generally enhanced LTP improves performance in hippocampal-dependent learning, but behavioral testing has not yet been reported for these mice. Hypertrophy and reactivity likely alter a number of the essential functions attributed to astrocytes, including the regulation of synapse formation and stability, gliotransmission, and neurotransmitter clearance (Halassa and Haydon, 2010) , all of which could affect synaptic plasticity, learning, and memory. In addition, behavioral tests such as the Morris water maze rely on brain regions other than hippocampus, and astrocyte pathology in regions such as the entorhinal cortex or superior colliculus may also contribute to deficits in learning the maze (Redish, 1999; Garthe and Kempermann, 2013 ). Although we have not confirmed whether behavior deficits in the Gfap ϩ/R236H knock-in model result from a lack of new neurons or a more direct interference of hippocampal function by reactive glia, it is clear that the mice have cognitive deficits as a result of mutations in Gfap and the associated pathology. Considering the lack of white matter pathology in the model, these deficits in standard learning paradigms suggest that gray matter astrocytes may also contribute to the cognitive deficits observed in human patients with AxD.
An important remaining question is whether stem cells expressing mutant GFAP produce fewer neuronal precursors, or whether progenitors are unable to thrive in a nonpermissive environment created by reactive niche astrocytes. Both mechanisms may play a role, and teasing out their effects will give a better understanding of the pathological process in AxD and the impact of chronic gliosis on neurogenesis and cognition in neurodegenerative disease.
